Note: Supplemental appendix, table, and figure appear at [www.ajtmh.org](http://www.ajtmh.org).

INTRODUCTION {#s1}
============

Outside sub-Saharan Africa, *Plasmodium vivax* is a common cause of human malaria, with an estimated 14.3 million cases in 2017.^[@b1]^ The only available drugs that kill the dormant liver stages (hypnozoites) of *P. vivax* are the 8-aminoquinoline compounds primaquine and tafenoquine. The current WHO treatment guidelines recommend that primaquine is administered as a 14-day regimen at a total dose of 3.5 mg/kg (PQ14); however, a higher dose (total dose 7 mg/kg) is recommended in areas with a high risk of recurrence.^[@b2]^ The prolonged treatment course extends long after symptomatic recovery and in practice is associated with poor patient adherence and low effectiveness.^[@b3],[@b4]^ Clinical trials have explored ways of shortening the course of primaquine without compromising safety or efficacy. Two recent studies have shown that a 7-day high-dose primaquine regimen (PQ7, total dose 7 mg/kg) was well tolerated with a similar efficacy to the same total dose administered more than 14 days.^[@b5],[@b6]^ Although a high-dose short-course 7-day regimen may improve adherence, it has yet to be implemented into policy. For the purpose of this study, PQ14 corresponds to the low-dose regimen and PQ7 to the high-dose regimen.

In 2018, tafenoquine became the first new drug to be licensed for the radical cure of *vivax* malaria in over 60 years. It has the major advantage of being administered as a single-dose treatment. Clinical trials have shown that when combined with chloroquine, tafenoquine is non-inferior to the low-dose primaquine regimen (3.5 mg/kg total dose).^[@b7],[@b8]^ Both drugs can cause severe hemolysis in individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency.

Glucose-6-phosphate dehydrogenase deficiency is an inherited X-linked enzymopathy present in up to 20% of malaria-endemic populations.^[@b9]^ Males have a single copy of the gene and are either hemizygous G6PD deficient with \< 30% of normal G6PD activity or normal.^[@b10]^ By contrast, females have two copies of the gene and can be homozygous G6PD normal or deficient, or heterozygous. Glucose-6-phosphate dehydrogenase activity is measured in U/gHb; however, to date, no universal cutoff exists to guide primaquine and tafenoquine treatment. Instead, a population-specific median is calculated and defined as "100% activity."^[@b11]^ Most, if not all, qualitative G6PD diagnostics are designed to discriminate between individuals greater than or less than the 30% threshold, a dichotomy not suitable to identify heterozygous females.^[@b11],[@b12]^ In heterozygous females, random inactivation of one of the *G6PD* genes, through a process known as lyonization, results in a mixture of G6PD normal and deficient red blood cells with a combined intermediate phenotype typically ranging between 30% and 70% G6PD activity; these individuals are at the risk of hemolysis.^[@b13]^ Tafenoquine is slowly eliminated with a half-life of approximately 14 days: it cannot be stopped in the event of a hemolytic reaction and so to avoid hemolysis in heterozygous females, it is only recommended in patients with greater than 70% G6PD activity. Because primaquine is rapidly eliminated from the body with a half-life of 6 hours, the criteria for its use are less stringent, and most eligibility guidelines set the threshold for defining G6PD deficiency at 30%.^[@b10]^

To reduce the risk of drug-induced hemolysis, patients should be tested for G6PD deficiency before prescribing an 8-aminoquinoline drug.^[@b14]^ This can be achieved with either qualitative or quantitative tests.^[@b12]^ Qualitative G6PD diagnostics categorize individuals as normal or deficient; however, these tests are only reliable at a threshold of about 30% enzyme activity and thus label heterozygous females with \> 30% G6PD activity as normal. Quantitative tests provide a continuous measure of G6PD activity and can therefore identify individuals with activity less than 70%.^[@b15]^ Several point-of-care tests for G6PD deficiency have been developed. The qualitative rapid diagnostic test (RDT), CareStart™ G6PD test (Access Bio Inc., Somerset, NJ), has 96% sensitivity at the 30% threshold, with a negative predictive value of 99%.^[@b16]^ The only available point-of-care quantitative tests are the STANDARD™ G6PD (SD Biosensor, Suwon, South Korea) and CareStart Biosensor (AccessBio). These tests include a handheld analyzer device and test strips while requiring additional training to prepare samples, and interpret and use test results. Although tafenoquine will overcome the limitations of poor adherence, the labeling necessitates the use of a quantitative G6PD test, which is likely to restrict its widespread use while incurring the additional costs associated with quantitative G6PD testing.

Radical cure reduces recurrent illness in patients, and, if used widely, has potential to impact on ongoing transmission with community benefits.^[@b17]^ Previous research has indicated that strategies using high-dose 14-day primaquine after screening with a G6PD RDT would be cost-effective on the Thai--Myanmar border, but results were dependent on primaquine adherence. In this current study, we investigated the cost-effectiveness of a novel approach of deploying tafenoquine through a sex-based treatment strategy that maximizes the proportion of patients receiving shortened doses of radical cure. In this strategy, tafenoquine is prescribed to males who screen G6PD normal by the qualitative RDT. Females who test G6PD normal could be prescribed either PQ7 or PQ14, or be referred to a higher healthcare facility for quantitative testing to assess eligibility for tafenoquine treatment. To investigate the potential economic impact of this sex-based treatment strategy, we quantified the costs and effectiveness of each option of the treatment strategy compared with usual care in four countries with endemic *P. vivax*.

MATERIALS AND METHODS {#s2}
=====================

Model structure and probabilities.
----------------------------------

An economic evaluation was undertaken adapting a previously published decision tree model of *P. vivax* management^[@b18]^ to compare the cost-effectiveness of treatment strategies for radical cure (routine care and sex-based treatment) in terms of cost per disability-adjusted life-year (DALY) averted. All analyses were conducted in R version 3.6.1, and the model was parameterized for Afghanistan, Ethiopia, Indonesia, and Vietnam using data from a recent clinical trial^[@b5]^ and literature review. A time horizon of 1 year was chosen to reflect the duration of follow-up in the trial and because previous analyses have shown that the risk of recurrent *P. vivax* beyond 12 months falls to a level similar to that due to reinfection alone.^[@b4]^ All model parameters have a base case value with a range used for the sensitivity analyses, which was taken from CIs or plausible estimated values when data were not available ([Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}).

###### 

Country-specific model parameters (all costs are in 2016 US)

  Parameter                                                                                  Afghanistan   Ethiopia         Indonesia   Vietnam           Distribution   Reference                                                  
  ------------------------------------------------------------------------------------------ ------------- ---------------- ----------- ----------------- -------------- ----------------- -------- ----------------- ------------- ------------------------------------------------------------------------------------------
  Proportion of adult patients who are male                                                  0.76          0.5--1.0         0.63        0.5--1.0          0.59           0.5--1.0          0.88     0.5--1.0          Beta          [@b5]
  Proportion who have at least 1 vivax malaria recurrence if not treated with radical cure   0.43          0.33--0.54       0.56        0.47--0.65        0.34           0.28--0.41        0.55     0.42--0.67        Beta          [@b5]
  Relative risk of having at least 1 recurrence if prescribed PQ7                            0.35          0.25--0.50       0.24        0.18--0.32        0.29           0.22--0.39        0.18     0.12--0.28        Lognormal     [@b5]
  Number of recurrences over 1 year without radical cure (if have at least 1 recurrence)     1.56          1.43--1.69       2.05        1.89--2.21        1.57           1.47--1.67        1.94     1.74--2.14        Normal        [@b5]
  Number of recurrences over 1 year with PQ7 (if have at least 1 recurrence)                 1.23          1.17--1.29       1.21        1.15--1.27        1.10           1.07--1.13        1.23     1.15--1.31        Normal        [@b5]
  Proportion of males with G6PD deficiency (\< 30% activity)                                 0.07          0.06--0.10       0.01        0.01--0.02        0.07           0.05--0.09        0.05     0.02--0.11        Beta          [@b9]
  Proportion of females with G6PD deficiency (\< 30% activity)                               0.04          0.03--0.06       0.01        0.00--0.01        0.04           0.03--0.06        0.03     0.01--0.06        Exponential   [@b9]
  Cost of G6PD screening by RDT                                                              \$3.42        \$1.71--\$5.13   \$3.56      \$1.78--\$5.34    \$15.34        \$7.67--\$23.01   \$1.67   \$0.84--\$2.51    Gamma         ±50%^[@b26]^
  Cost of quantitative G6PD screening                                                        \$6.62        \$3.31--\$9.93   \$7.18      \$3.59--\$10.77   \$12.26        \$6.13--\$18.40   \$3.18   \$1.59--\$4.77    Gamma         Assumptions with ±50%^[@b26],[@b27]^
  Cost of PQ14                                                                               \$0.19        \$0.10--\$0.29   \$0.43      \$0.22--\$0.65    \$0.43         \$0.22--\$0.65    \$0.43   \$0.22--\$0.65    Gamma         ±50%^[@b26]^
  Cost per malaria episode                                                                   \$3.43        \$1.72--\$5.15   \$5.28      \$2.64--\$7.92    \$6.18         \$3.09--\$9.27    \$5.58   \$2.79--\$8.37    Gamma         ±50%^[@b26]^
  Cost per severe malaria episode                                                            \$29.2        \$14.6--\$43.8   \$17.6      \$8.8--\$26.4     \$155.8        \$77.9--\$233.7   \$73.8   \$36.9--\$110.7   Gamma         ±50%^[@b27]^
  Household cost per *vivax* episode                                                         \$8.2         n/a              \$11.1      n/a               \$50.8         n/a               \$23.6   n/a               Gamma         Scenario analysis only^[@b26]^
  Household travel cost per referral                                                         \$2.9         n/a              \$1.8       n/a               \$1.4          n/a               \$2.8    n/a               Gamma         Scenario analysis only^[@b26]^
  Cost per hemolytic event                                                                   \$52.0        \$26.0--\$78.0   \$39.4      \$19.7--\$59.1    \$180.9        \$90.5--\$271.4   \$98.9   \$49.5--\$148.4   Gamma         ±50% for 7-day inpatient stay at a primary hospital and one unit of blood^[@b27],[@b28]^
  Life expectancy for males, years                                                           43.5          34.8--52.2       49.7        39.8--59.6        40.7           32.6--48.8        49.3     39.4--59.2        Gamma         ±20%^[@b30]^
  Life expectancy for females, years                                                         46.2          37.0--55.4       52.5        42.0--63.0        44.3           35.4--53.2        53       42.4--63.6        Gamma         ±20%^[@b30]^

G6PD = glucose-6-phosphate dehydrogenase; PQ7 = 7 mg/kg primaquine over 7 days; RDT = rapid diagnostic test.

###### 

Model parameters used in all countries

  Parameter                                                                                           Base       Range           Distribution   Reference
  --------------------------------------------------------------------------------------------------- ---------- --------------- -------------- ----------------------------------------------------------------
  Adherence to PQ7 regimen                                                                            0.62       0.25--0.95      Beta           [@b23]--[@b25]
  Adherence to PQ14 regimen                                                                           0.47       0.19--0.71      Beta           Assumption that PQ7 adherence would be reduced by 25% for PQ14
  Adherence to PQ8W regimen                                                                           0.31       0.13--0.48      Beta           Assumption that PQ7 adherence would be reduced by 50% for PQ8W
  Proportion of women who uptake referral to a higher facility for quantitative G6PD testing          0.5        0.25--1.00      Beta           Assumption
  Relative increase in recurrences if PQ14 or TQ (instead of PQ7) was taken                           2.34       1.76--2.93      Beta           ±25%^[@b5],[@b22]^
  RDT sensitivity in males                                                                            0.98       0.90--1.00      Beta           30% cutoff^[@b16]^
  RDT specificity in males                                                                            0.97       0.90--1.00      Beta           30% cutoff^[@b16]^
  RDT sensitivity in females                                                                          0.90       0.80--0.96      Beta           30% cutoff^[@b16]^
  RDT specificity in females                                                                          0.68       0.50--0.97      Beta           30% cutoff^[@b16]^
  Quantitative test sensitivity                                                                       0.95       0.89--0.98      Beta           70% cutoff^[@b20]^
  Quantitative test specificity                                                                       0.82       0.68--0.91      Beta           70% cutoff^[@b20]^
  Proportion of G6PD patients who need a transfusion because of hemolysis after taking radical cure   0.109      0.007--0.15     Beta           Includes PQ7, PQ14, and tafenoquine^[@b40]^
  Proportion who need a transfusion because of hemolysis but do not receive it                        0.1        0.01--0.15      Beta           [@b18]
  Risk of death due to not receiving a transfusion                                                    0.1        0.01--0.5       Beta           [@b18]
  Proportion of recurrences that are severe                                                           0.02       0.013--0.027    Beta           [@b41]
  Proportion of recurrences that result in death                                                      0.0001     0--0.001        Beta           [@b18]
  Cost of TQ                                                                                          \$2        \$1.4-\$3.0     Gamma          Assumption
  Length of illness: uncomplicated malaria                                                            3 days     1--7 days       Beta           [@b18]
  Length of illness: severe malaria                                                                   7 days     3--10 days      Beta           [@b18]
  Length of illness: anemia due to malaria                                                            1 month    0.5--2 months   Beta           [@b18]
  Length of illness: anemia due to severe malaria or hemolysis                                        3 months   1--6 months     Beta           [@b18]
  DALY weight for infectious disease: acute episode and moderate                                      0.053      0.033--0.081    Gamma          [@b29]
  DALY weight for infectious disease: acute episode and severe                                        0.210      0.139--0.298    Gamma          [@b29]
  DALY weight for moderate anemia                                                                     0.058      0.038--0.086    Gamma          [@b29]
  DALY weight for severe anemia                                                                       0.164      0.112--0.228    Gamma          [@b29]

DALY = disability-adjusted life-year; G6PD = glucose-6-phosphate dehydrogenase; PQ14 = 3.5 mg/kg total primaquine dose over 14 days; PQ7 = 7 mg/kg total primaquine dose over 7 days; PQ8W = 6 mg/kg total primaquine dose weekly for 8 weeks; TQ = tafenoquine; RDT = rapid diagnostic test.

Tafenoquine is currently approved only for patients with vivax malaria aged 16 years and older, and, thus, the economic analysis was undertaken in adults only. The model has different pathways for males and females to reflect differences in G6PD deficiency prevalence, life expectancy, and the diagnostic accuracy of the G6PD tests. The results are presented for the overall adult population excluding pregnant women, who are ineligible for radical cure because of the unknown G6PD status of their fetus.^[@b14]^ Breastfeeding women are included in the analysis.^[@b19]^ In some locations, the risk of *P. vivax* infection differs between males and females; accordingly, the proportion of males in the model population was derived from the proportion in adults enrolled into the clinical trial.^[@b5]^

Usual care for *P. vivax* malaria is chloroquine plus PQ14 in Afghanistan and Vietnam, DHA-piperaquine plus PQ14 in Indonesia, and chloroquine alone in Ethiopia. Glucose-6-phosphate dehydrogenase testing is not part of routine care in any of these countries. For the sex-based treatment strategy, males with a normal G6PD RDT result would be prescribed tafenoquine, whereas healthcare facilities would choose one of the following three options for the treatment of all females who test G6PD normal by RDT ([Figure 1](#f1){ref-type="fig"}):1. low-dose PQ14 (3.5 mg/kg total),2. high-dose PQ7 (7.0 mg/kg total), and3. referral to a health facility providing quantitative G6PD testing before the prescription of tafenoquine if they have enzyme activity greater than 70%.

![Patient flow diagram for sex-based treatment strategies in a point-of-care setting, with three alternative treatment options for females testing glucose-6-phosphate dehydrogenase (G6PD) normal by rapid diagnostic test (RDT). This figure appears in color at [www.ajtmh.org](http://www.ajtmh.org).](tpmd190943f1){#f1}

In the absence of empirical data, it was assumed that 50% of women would be willing to travel to another facility for further management and that the local clinic would not monitor whether women took up the referral: the impact of this assumption was explored in the sensitivity analysis. Consequently, women who chose not to use their referral would not receive radical cure. The prevalence of G6PD deficiency in males and females was taken from national modeled estimates for the general population.^[@b9]^ The diagnostic accuracy and costs of the quantitative G6PD test used for this analysis were taken from the SD Biosensor, given that recent evaluations found this to be the best performing assay.^[@b20]^ Individuals testing G6PD deficient at any facility would be given the current WHO-recommended regimen of 8-week course of weekly primaquine (PQ8W, 6 mg/kg total).^[@b14]^

Efficacy and adherence.
-----------------------

The anti-relapse efficacy of tafenoquine was similar to that of PQ14 in South America and the Horn of Africa, but in Southeast Asia, it was lower with tafenoquine than with PQ14.^[@b7]^ The clinical efficacy of tafenoquine has yet to be compared with a high-dose primaquine regimen.^[@b21]^ It was assumed that the efficacy of tafenoquine was the same when partnered with DHA-piperaquine and chloroquine, although this is yet to be confirmed by phase three clinical trials. The country-specific efficacy of the PQ7 regimen was taken from a large multicentered randomized clinical trial of high-dose primaquine regimens conducted between 2013 and 2018 (IMPROV trial).^[@b5]^ In Ethiopia, a separate clinical trial was conducted in a neighboring area (Oromia Region) between 2012 and 2014, which quantified the efficacy of low-dose primaquine.^[@b22]^ In this study, patients with low-dose primaquine had 2.34 more recurrences during a year of follow-up than those treated with the high-dose primaquine in Arba Minch and Metahara regions of Ethiopia in the IMPROV trial. This relative difference in the rate of recurrences between low-dose PQ and high-dose PQ was assumed to be the same in Indonesia, Afghanistan, and Vietnam. The PQ8W regimen was assumed to have the same efficacy as PQ14.

The efficacy data were adjusted by adherence rates to calculate the effectiveness of each regimen, although robust estimates of adherence are scarce. A value of 62% was used for the base case analysis of PQ7 based on a study conducted in Peru,^[@b23]^ with a range of 25--95% around this estimate taken from the results of two studies of adherence in Thailand.^[@b24],[@b25]^ An assumption was made that the adherence to a complete course of treatment was reduced by 25% for PQ14 as compared with PQ7, and PQ8W was reduced by 50% ([Table 2](#t2){ref-type="table"}). The equations used to calculate the expected number of recurrences are presented in the [Supplemental Appendix](/content/journals/10.4269/ajtmh.19-0943#supplementary_data).

To estimate the proportion of patients who would incorrectly be given radical cure, the prevalence of G6PD deficiency was multiplied by the false-negative rate of the G6PD RDT. Individuals with G6PD deficiency who were treated with weekly primaquine were assumed to not complete a full course of treatment and were assigned the same number of *P. vivax* recurrences as patients who were not prescribed radical cure. Any G6PD-deficient patients erroneously treated with tafenoquine were assumed to have the same number of recurrences as someone who was G6PD normal and treated with tafenoquine.

Costs, DALYs, and incremental cost-effectiveness ratios (ICERs).
----------------------------------------------------------------

The analysis was conducted from the healthcare provider perspective and reported in 2016 US\$. Costs specific to *vivax* malaria were taken from the IMPROV study,^[@b26]^ with the exception of the visit costs to the healthcare provider^[@b27]^ and blood units required for hemolytic events.^[@b28]^ These were varied by 50% in the sensitivity analyses. The cost of G6PD testing included an additional blood sample and a G6PD RDT ([Table 1](#t1){ref-type="table"}). The cost of a quantitative G6PD test applied in all countries was \$4.51, calculated from the following assumptions: a machine cost of \$350 with a lifetime of 3 years and a discount rate of 3% in a facility diagnosing 200 patients per year, a test strip cost of \$3.50, and quality control costs of \$0.39 per patient. Quality control for each batch of 25 test strips included two controls (\$1.0 each) and two test strips (\$3.50 each) divided by the remaining 23 tests. The PQ7 and PQ8W regimens were twice the cost of the low-dose regimen.

Disability-adjusted life-years were used as the outcome measure for recurrences and hemolytic events. Disability weights were taken from the Global Burden of Disease study,^[@b29]^ and expected remaining years of life for the mean age of adult males and females recruited into the IMPROV trial^[@b5]^ was taken from the WHO.^[@b30]^ This life expectancy was used to calculate the DALYs due to deaths from *P. vivax* recurrences. Incremental cost-effectiveness ratios were calculated for instances where a treatment strategy cost more money while averting DALYs, where Cost is the total cost of the strategy and DALYs is the total DALYs of the corresponding strategy:$${ICER~} = ~\frac{{Cos}t_{1~}{–~Cos}t_{2}}{{DAL}Y_{2}{-DAL}Y_{1}}.$$

Strategies were ranked according to increasing costs, and interventions that were more expensive while averting fewer DALYs than the previous option (i.e., dominated) were removed. A small ICER corresponding to a smaller investment per DALY averted is more desirable than a large ICER, and the best results are scenarios that avert DALYs while saving costs.

Sensitivity analyses.
---------------------

Ranges for all model parameters are presented in addition to the point estimate for the base case. These were taken from the CIs, interquartile ranges, and other values to represent plausible ranges for each value. A one-way sensitivity analysis investigated the impact of this range on the results by varying one parameter at a time. A scenario analysis looked at the societal costs by including the direct household costs of treatment-seeking, treatment, and transport per vivax malaria episode and additional cost of travel per referral to get quantitative testing ([Table 1](#t1){ref-type="table"}).^[@b26]^ An additional scenario analysis examined results where PQ14 was assumed to have efficacy equivalent to PQ7 (i.e., the "increase in recurrences if received PQ14 or TQ (instead of PQ7)" parameter was set to 1). Threshold analyses were also conducted for the following parameters: PQ7 adherence, the quantitative test cost, and the proportion of women who uptake referral to a higher facility for quantitative G6PD testing. In addition, a probabilistic sensitivity analysis (PSA) characterized the uncertainty surrounding the decision to adopt a new strategy by sampling from the full distributions of all parameters ([Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}). Results were compared with a willingness-to-pay threshold of one gross domestic product (GDP) per capita per DALY averted.^[@b31]^ To reflect recent evidence suggesting that the threshold should be lower,^[@b32]^ results were also compared with one-half GDP per capita.

RESULTS {#s3}
=======

Base case results.
------------------

All 3 sex-based tafenoquine treatment strategies averted more DALYs than usual care. Across all countries, the treatment of G6PD normal females with high-dose PQ7 had the greatest impact on DALYs and was the only cost-effective option ([Table 3](#t3){ref-type="table"}). [Supplemental Table 1](/content/journals/10.4269/ajtmh.19-0943#supplementary_data) presents results stratified by sex. In comparison to the PQ7 option, the PQ14 and referral for tafenoquine strategies were dominated (i.e., cost more money and averted fewer DALYs). The ICER for the PQ7 option ranged from \$127 in Vietnam to \$4,443 in Indonesia when compared with usual care. The higher costs in Indonesia were due to an in-country G6PD RDT unit cost of \$13 compared with costs of less than \$3 in the other countries. When using a threshold of one GDP per capita, PQ7 was cost-effective in Ethiopia and Vietnam but was only cost-effective for Vietnam when using the lower threshold of one-half GDP per capita.

###### 

Cost-effectiveness results per person from base case and scenario analyses (2016 US\$)

  Country            Base case analysis   Scenario analyses                                                                                                                                 
  ------------- ---- -------------------- ------------------- -------- -------- -------- ----------- --------- -------- -------- -------- ------------- -------- -------- -------- -------- -------------
  Afghanistan   No   PQ14                 \$6.1               --       0.0140   --       --          \$18.6    --       0.0140   --       --            \$5.8    --       0.0131   --       --
  Yes           TQ   PQ7                  \$11.5              \$5.4    0.0091   0.0050   \$1,089     \$22.6    \$4.0    0.0091   0.0050   \$815         \$10.2   \$4.5    0.0077   0.0055   \$814
  Yes           TQ   PQ14                 \$11.7              --       0.0096   --       Dominated   \$23.2    --       0.0096   --       Dominated     \$10.3   --       0.0080   --       Dominated
  Yes           TQ   Referral for TQ      \$12.9              --       0.0095   --       Dominated   \$24.8    --       0.0095   --       Dominated     \$11.3   --       0.0079   --       Dominated
  Ethiopia      No   No radical cure      \$11.6              --       0.0181   --       --          \$35.5    --       0.0181   --       Dominated     \$11.6   --       0.0181   --       --
  Yes           TQ   PQ7                  \$15.2              \$3.6    0.0104   0.0077   \$466       \$30.9    --       0.0104   --       Cost-saving   \$13.7   \$2.1    0.0089   0.0092   \$228
  Yes           TQ   PQ14                 \$15.8              --       0.0119   --       Dominated   \$33.0    --       0.0119   --       Dominated     \$14.0   --       0.0101   --       Dominated
  Yes           TQ   Referral for TQ      \$17.9              --       0.0115   --       Dominated   \$35.6    --       0.0115   --       Dominated     \$15.8   --       0.0096   --       Dominated
  Indonesia     No   PQ14                 \$11.6              --       0.0124   --       --          \$83.2    --       0.0124   --       --            \$10.9   --       0.0117   --       --
  Yes           TQ   PQ7                  \$30.2              \$18.6   0.0082   0.0042   \$4,443     \$95.0    \$11.9   0.0082   0.0042   \$2,828       \$28.0   \$17.1   0.0073   0.0044   \$3,925
  Yes           TQ   PQ14                 \$31.2              --       0.0089   --       Dominated   \$98.6    --       0.0089   --       Dominated     \$28.4   --       0.0079   --       Dominated
  Yes           TQ   Referral for TQ      \$34.4              --       0.0087   --       Dominated   \$102.3   --       0.0087   --       Dominated     \$31.4   --       0.0076   --       Dominated
  Vietnam       No   PQ14                 \$11.7              --       0.0160   --       --          \$52.3    --       0.0160   --       Dominated     \$11.2   --       0.0152   --       Dominated
  Yes           TQ   PQ7                  \$12.6              \$0.9    0.0092   0.0068   \$127       \$44.4    --       0.0092   --       Cost-saving   \$11.2   --       0.0077   --       Cost-saving
  Yes           TQ   PQ14                 \$12.8              --       0.0096   --       Dominated   \$45.1    --       0.0096   --       Dominated     \$11.2   --       0.0080   --       Dominated
  Yes           TQ   Referral for TQ      \$13.1              --       0.0095   --       Dominated   \$45.8    --       0.0095   --       Dominated     \$11.6   --       0.0079   --       Dominated

DALYs = disability-adjusted life-years; ICER = incremental cost-effectiveness ratio; G6PD = glucose-6-phosphate dehydrogenase; PQ7 = 7-day high-dose primaquine; PQ14 = 14-day low-dose primaquine; TQ = tafenoquine. The first strategy listed for each country is current usual care. See [Supplemental Table 1](/content/journals/10.4269/ajtmh.19-0943#supplementary_data) for results by sex.

One-way sensitivity analysis results.
-------------------------------------

The one-way sensitivity analysis showed similar results across all countries for the comparison between usual care and the sex-based treatment strategy with PQ7 ([Figure 2](#f2){ref-type="fig"}). In Afghanistan and Indonesia, the parameters with the largest impact on the results were those relating to hemolysis, the cost of the G6PD RDT, *P. vivax* mortality, and adherence to primaquine. Lowering the cost of the G6PD RDT resulted in PQ7 becoming cost-effective in Indonesia. In Ethiopia, *P. vivax* mortality, G6PD RDT and *P. vivax* episode costs, and adherence to PQ7 had the greatest impact. Adherence to PQ14, the relative risk of recurrence with radical cure, and the costs of G6PD RDTs, *P. vivax* episodes, and tafenoquine resulted in the greatest change in results in Vietnam.

![Tornado diagrams of the one-way sensitivity analysis for the comparison of the treatment strategies using PQ7 to usual care. The black vertical line corresponds to the baseline ICER in each country, and the colored bars correspond to resulting ICER when each parameter is set to their lower or upper value (base and range values provided in [Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}). DALYs = disability-adjusted life-years; G6PD = glucose-6-phosphate dehydrogenase; PQ7 = 7-day high-dose primaquine; PQ14 = 14-day low-dose primaquine; RDT = rapid diagnostic test; TQ = tafenoquine. This figure appears in color at [www.ajtmh.org](http://www.ajtmh.org).](tpmd190943f2){#f2}

Scenario and threshold analyses results.
----------------------------------------

From a societal perspective, in which costs incurred by affected households were also included, the incremental costs of all three sex-based treatment strategies were lower across all countries ([Table 3](#t3){ref-type="table"}). In Ethiopia and Vietnam, all strategies saved costs compared with the current practice. Because the PQ7 option averted the most DALYs in both of those countries, it dominated usual care. The PQ7 option remained the only cost-effective option in Afghanistan and Indonesia, with lowered ICERs of \$815 and \$2,828, respectively.

In the scenario analysis where TQ and PQ14 were assumed to have equal efficacy to PQ7, costs and DALYs were reduced for all strategies ([Table 3](#t3){ref-type="table"}). Because of the increased efficacy of tafenoquine in males, the DALYs averted by the PQ7 option increased in comparison with usual care, whereas the incremental costs decreased for all countries. Consequently, the ICERs decreased to \$814 in Afghanistan, \$228 in Ethiopia, and \$3,925 in Indonesia. In Vietnam, the decrease in PQ7 costs resulted in overall cost savings, so it dominated usual care. When setting the referral uptake to 100%, the strategy of referral had similar DALYs as the PQ7 option; however, the costs remained higher across all countries (results not shown). The referral option was dominated even when setting the cost of quantitative G6PD screening to \$0. The threshold analysis found that the PQ7 intervention became cost-effective at a willingness-to-pay threshold of 1 GDP per capita when adherence was increased to 97% in Indonesia. It was not cost-effective for Afghanistan or at a threshold of one-half GDP per capita.

Probabilistic sensitivity analysis results.
-------------------------------------------

[Figure 3](#f3){ref-type="fig"} presents the decision uncertainty in cost-effectiveness acceptability curves. These curves show the strength of evidence that the sex-based strategy with PQ7 intervention is cost-effective for willingness-to-pay thresholds up to \$10,000 per DALY averted. For Afghanistan, Ethiopia, and Vietnam, the PQ7 strategy showed a high probability of cost-effectiveness for reasonably low willingness-to-pay thresholds. For Indonesia, the probability that it would be cost-effective at a threshold of \$10,000 was only 59%. When using a threshold of one GDP per capita,^[@b31]^ the PQ7 strategy had a 15% probability of being cost-effective in Afghanistan (\$600), 50% in Ethiopia (\$700), 23% in Indonesia (\$3,600), and 98% in Vietnam (\$2,200). The scatterplots from the PSA are provided in [Supplemental Figure 1](/content/journals/10.4269/ajtmh.19-0943#supplementary_data).

![Cost-effectiveness acceptability curves for the comparison of the sex-based treatment strategy with tafenoquine for males and 7-day high-dose primaquine (PQ7) for females to usual care.](tpmd190943f3){#f3}

DISCUSSION {#s4}
==========

In most countries, the main burden of disease caused by *P. vivax* occurs in rural areas with poor and remote healthcare systems where it is difficult to access care. Accordingly, it is likely that the stringent safety regulations for tafenoquine will mean that few patients with vivax malaria will be able to receive it.^[@b21]^ If deemed safe and appropriate, sex-based treatment strategies have potential to be cost-effective, particularly in settings where the G6PD RDT is accessible at a low cost. These sex-based strategies would also be useful for areas where a quantitative G6PD test is not yet available. As shown by the results from Vietnam, where G6PD prevalence in males was estimated to be 5%, the impact would likely be greatest in areas such as the Greater Mekong Subregion, where most patients with malaria are males who can be reliably diagnosed with the G6PD RDT and thus be treated safely with tafenoquine.

The different scenarios demonstrate roughly similar reductions in DALYs (approximately a third of current strategies for usual care) and similar costs associated with all three strategies, even assuming only a 50% uptake rate by women for quantitative testing. Although the option where females are treated with PQ7 emerged as the optimal strategy in terms of cost-effectiveness, changing the assumptions on adherence, efficacy, and uptake of referrals to align with local situations had major effects on results, indicating that in some scenarios, the PQ14 or referral option could be more cost-effective. Efforts to bring TQ for males who test normal by G6PD RDT into policy should be explored as a strategy to fast-track progress toward current elimination goals.

Several studies have shown that a high proportion of recurrent *P. vivax* episodes are attributable to relapse.^[@b17],[@b33],[@b34]^ One mathematical model estimated that treating only 60% of cases with effective radical cure would lead to elimination in 10 years even in a low relapse setting such as northwest India.^[@b17]^ This indicates that even partial coverage with radical cure could have a significant impact on *P. vivax* transmission. Decreased transmission also provides an opportunity to protect vulnerable populations, including pregnant women and children younger than 6 months, for whom radical cure is contraindicated. Anemia and malnutrition associated with these relapses will also be reduced, which will be of particular benefit to children. These benefits are not explicitly captured in this model but would increase the cost-effectiveness of the sex-based treatment strategies.

Our analysis has several limitations. First is the assumption that the efficacy of high-dose PQ7 is significantly greater than that of both tafenoquine and low-dose PQ14. This assumption is likely to vary markedly by location, although few trials have compared low- and high-dose primaquine regimens directly.^[@b35]^ Primaquine effectiveness is impacted not only by the dosing but also by the adherence of patients to the regimen for which robust data are also limited.^[@b23]--[@b25],[@b36]^ We assumed that in the referral strategy, women not using their referrals would not be given the option of primaquine at their initial consultation. Although this was chosen because it was economically conservative and programmatically straightforward, it would be problematic because it involves denying women the standard of care in Afghanistan, Indonesia, and Vietnam. If primaquine were prescribed to women who do not want the referral, it would improve the outcomes of the referral strategy. In most of the countries included in our analysis, primaquine is recommended without G6PD testing; however, it is often not used because of the fears of drug-induced hemolysis. Our model did not account for the risk of hemolysis in heterozygous women, although a clinical trial has shown that this can occur.^[@b13]^

The G6PD deficiency frequencies were taken from a whole-population model, instead of from patients presenting with vivax malaria. Because G6PD deficiency can have a protective effect against malaria, the prevalence of G6PD deficiency may have been overestimated.^[@b37]^ Strengthening the evidence for the base case parameter values and narrowing the ranges would increase the certainty of the cost-effectiveness estimates. Although the CareStart RDT has shown good performance in research studies,^[@b16]^ there have been difficulties reported in field settings due to the lack of a control indicator, and users have struggled to interpret the faint-positive results.^[@b38]^ Accordingly, healthcare workers using these tests will require thorough training until a more user-friendly RDT becomes available. Finally, the G6PD RDT has temperature limitations similar to malaria RDTs.

Outside sub-Saharan Africa, the safe and effective radical cure of *P. vivax* has potential to have a major impact on the burden of malaria. For the foreseeable future, treatment options all come with a risk of hemolysis that must be dealt with in all sectors of the health system. The current need is to optimize the use of available tools. Even if tafenoquine can only be safely given to a fraction of the population, it would provide some protective effect on those unable to receive radical cure, and its impact on transmission could be substantial enough to pave way for elimination.^[@b39]^ Using a treatment approach that centers on G6PD testing via RDT followed by sex specific treatment strategies, while requiring a robust supply chain for several products, has potential to ensure the widespread use of tafenoquine without major infrastructure adjustments. Importantly, this approach is not an alternative to the general widespread rollout of tafenoquine and quantitative G6PD testing but is a proposal on how lower resource settings can bridge between usual care and a full rollout of quantitative G6PD screening with tafenoquine. Using a sex-based treatment strategy as an interim solution could significantly change the landscape for providing the radical cure of *P. vivax*, an essential step for the ultimate elimination of malaria.

Supplemental appendix, table and figure
=======================================

[Supplemental materials](/content/journals/10.4269/ajtmh.19-0943#supplementary_data)
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